Myocardial reoxygenation injury may be attenuated by oxygen free radical scavengers, arguing for a role of oxygen radicals in this process. To determine whether free radical scavengers affect reoxygenation injury in isolated cardiac myocytes, resting rat ventricular myocytes were exposed to hypoxic (P02 <0.02 mm Hg) glucose-free buffer alone (n=50) or with the addition of the oxygen radical scavengers 1,3-dimethyl-2-thiourea (DMTU, 25 mM, n=46), human recombinant superoxide dismutase (SOD, 1,000 units/ml, n=40), or the combination of these agents (n=41). All cells responded by undergoing contracture to a rigor form. Hypoxia was then continued for a second period (T2), the duration of which correlates inversely with survival. After reoxygenation, cells either retained their rectangular shape (survival) or hypercontracted to a rounded form (death). For the group of cells with a T2 period >30 minutes, no cell exposed to buffer alone (n=20) or to SOD (n =16) survived, in contrast to 15 of 24 (63%) cells exposed to DMTU. The addition of SOD to DMTU offered no advantage to DMTU alone. The protective effect of DMTU was not observed when it was added at reoxygenation, suggesting that this agent has an important effect during the hypoxic period when intracellular Ca2' is known to rise, most likely because of the reversal of Na+-Ca2' exchange. Therefore, the effects of DMTU on Ca2' regulation (indexed by indo-1 fluorescence) during hypoxia were studied. DMTU significantly blunted the [Ca2'] rise during the hypoxic period. When normoxic, electrically stimulated cells were exposed to this agent, they displayed a progressive rise in diastolic [Ca21], an increase in the amplitude of the Ca21 transient, and a parallel increase in contractility. These findings could be explained by inhibition of Na+-Ca2' exchange. To test the hypothesis that DMITU inhibits Na+-Ca2' exchange, myocyte Ca21 loading via the exchanger was induced by exposing cells to normoxic buffer with Na+ fully replaced by choline. Cells exposed in this fashion displayed an intracellular [Ca2"] rise that was nearly abolished by DMTU, consistent with pharmacological inhibition of the exchanger. We conclude that Na+-Ca2' exchange inhibition is responsible for an important part of the effect of DMTU on prevention of hypoxic injury of isolated cardiac myocytes. Although free radical scavenging may play a more important role in the intact heart than in isolated myocytes, the establishment of the role of DMTU as an inhibitor of the Na+-Ca2' exchanger suggests that previous reports of improved postischemic myocardial function with DMTU attributed to free radical scavenging should be interpreted cautiously. (Circulation Research 1992;70:804-811) KEYWORDS * calcium * Na+-Ca`+ exchange X superoxide dismutase * hypoxia component of ischemia/reperfusion injury ap-A ppears to be due to reperfusion itself. This injury has been associated with oxygen free radicals and may be attenuated by oxygen radical scavengers.'1-
mented by endothelial cells18 and leukocytes,19 direct evidence of myocyte radical production is lacking.
This study examines whether injury in adult mammalian myocytes can be altered by agents with oxygen radical-scavenging properties. Single rat ventricular myocytes were reoxygenated after a period of glucose-free hypoxia in the presence of the hydroxyl radical scavenger 1,3-dimethyl-2-thiourea (DMTU) or the superoxide radical scavenger human recombinant superoxide dismutase (SOD). SOD 
Materials and Methods Cardiac Myocyte Isolation
Single cardiac myocytes were isolated from ventricles of 2-3-month-old Wistar rats according to a modification of a technique previously described. 20 Briefly, the hearts were retrogradely perfused with a low-Ca2 , collagenase-containing bicarbonate buffer (37°C, pH 7.2), and the perfusion was terminated when the tissue became soft (20-30 minutes). The left ventricle was then mechanically dissociated, and the myocytes were resuspended in a series of bicarbonate-based buffers with gradually increasing Ca21 concentrations. Cells were finally suspended in a HEPES-based buffer containing glucose and 1 mM Ca2+. This resulted in a cell preparation containing 60-80% rod-shaped cells with regular sarcomere patterns. All cells studied initially contracted synchronously to field stimulation.
Exposure to Hypoxia
Individual cells were studied in a specially developed chamber maintained at 37°C on the stage of an inverted microscope. 21 Humidified, warmed (37°C), ultrahigh purity argon (99.9995%, Matheson, Rutherford, N.J.) entered the well from a toroidal manifold through a circumferential slit lying just above an optical quality quartz dish measuring 1 cm in diameter, 2 mm deep, and 7/1,000 in. thick (Mindrum Precision Products, Cucamonga, Calif.) containing the cells. The gas flow rate was precisely controlled to yield a stable laminar flowing layer of argon preventing back diffusion of atmospheric oxygen. The oxygen tension measured with a precision gold polarographic electrode (Orbisphere, Geneva) was <0.02 mm Hg. Myocytes were superfused by glucose-free buffer (mM: NaCl 144, KCl 5, MgSO4 1.2, HEPES 10, pH 7.4, 37°C) containing 1 mM Ca2' with 0.5 mM octanoate as respiratory substrate. Buffer was equilibrated with ultrapure argon (hypoxia), and cells were reoxygenated by stopping buffer and gas flow and allowing back diffusion of atmospheric oxygen.
A field of unstimulated, resting cells (n=1-6) was chosen for observation and videotaped. All cells were exposed to a period of hypoxia (T1), after which they abruptly underwent contracture to a rigor form characterized by rectangular borders and a clear sarcomere pattern (Figure 1 control of the experimenter, each field of cells had a range of T1 times. After rigor contracture, hypoxia was continued for a second period, T2 (previously shown to correlate inversely with cell survival).12 All cells in a given field were reoxygenated after the same total hypoxic period, resulting in a distribution of T2 times for the cells studied. At reoxygenation, cells either partially relengthened, retaining their rectangular shape, sarcomere pattern, and response to electrical stimulation (survival), or hypercontracted to a rounded blebbed form with absent sarcomere pattern and disordered myofibrils (death, as shown in Figure 1 ). The latter did not respond to electrical stimulation. Outcome was recorded as survival or death, although these are acute morphological rather than functional designations. Investigators have demonstrated13 that hypercontracted cells sometimes retain sarcolemmal integrity, though in the intact heart these cells might be expected not to do so because they are tethered to adjacent myocytes. Experimental Protocol Cells were exposed to hypoxia and then reoxygenated in a blinded and random fashion under one of four conditions: 1) control buffer (n=50), 2) 1,000 units/ml SOD (gift of Biotechnology General Corporation, New York) (n=40), 3) 25 mM DMTU (Aldrich Chemical, Milwaukee, Wis.) (n=46), and 4) the combination of SOD and DMTU (n=41). The studied agents were present during the entire experiment. After completion of this portion of the study, 25 nation of SOD and DMTU improved survival, whereas SOD alone had no effect (Table 2) .
To control for an osmotic effect of DMTU, cells were exposed in an identical fashion to hypoxia with equimolar urea (318 mosm/l for both), a chemically similar substance lacking significant free radical-scavenging ability.23 DMTU had a significant effect in enhancing survival in this model in comparison with urea (p<0.001, Figure 4 ). These results show that DMITU enhances cell survival when present throughout the period of hypoxia and reoxygenation. Since previous studies in ischemic whole hearts have demonstrated a burst of free radical production at reperfusion with considerably less radical production during ischemia,"1 we examined whether cell survival would be enhanced by DMTU if exposure were confined to the period just before and during reoxygenation. None of 15 cells exposed to DMTU beginning 5 minutes before reoxygenation after a T2 period of 30-39 minutes survived. This T2 period was examined because of the large difference in survival at reoxygenation after long T2 periods (>30 minutes) in cells exposed to DMTU throughout the hypoxic period (63% survival) compared with those exposed to control hypoxic buffer (0% survival). The effects of DMTU on reoxygenation/reperfusion injury have been described in large animal models,9,33 isolated perfused hearts,34 and more recently in one study using isolated canine ventricular myocytes. 35 Open-chest dogs pretreated with DMTU and reperfused after a 15-minute coronary artery occlusion demonstrated improved regional functional recovery compared with untreated dogs.9 More recently, DMTU was shown to reduce myocardial infarct size in dogs subjected to a 90-minute coronary occlusion followed by 48 hours of reperfusion. 33 In that study a 30-minute DMTU infusion was initiated 15 minutes before reperfusion. The protective effect of DMTU in these studies was attributed to its ability to scavenge hydroxyl radicals. Peak plasma DMTU levels averaged from 6.2 mM33 to 7.1-9.0 mM9 in these studies. In the present study, DMTU was shown to be a pharmacological inhibitor of Na+-Ca2' exchange when administered at a concentration of 25 mM. DMTU at a concentration of 5 mM was equally effective at limiting the Ca' accumulation induced by removal of buffer Na+ (n=6, data not shown). Although in the canine models, DMTU may have scavenged free radicals generated by leukocytes or cardiac endothelial cells, the protective effect of DMTU demonstrated in these studies could be due in part to inhibition of cardiac myocyte Na+-Ca2+ exchange both during and after ischemia. This would be expected to reduce Ca' loading and limit cellular injury.
Not all investigators have confirmed the protective effects of DMTU. In one study, 10 mM DMTU failed to enhance functional recovery in isolated rat hearts subjected to hypoxia and reoxygenation. 34 In another study, DMTU reduced the decline in ATP but did not enhance outcome on reoxygenation in suspensions of canine myocytes subjected to 150-180 minutes of glucose-free hypoxia. 35 The disparity in results is not easily explained but may relate to differences in the severity and duration of ischemia/hypoxia or to species differences.
It should be noted that the present study examined The present study did not demonstrate a protective effect of SOD in hypoxic/reoxygenation injury. SOD is primarily a superoxide radical scavenger and is a large, dimeric 32,000 molecular weight protein that does not cross cell membranes,36,37 unlike DMTU, which readily diffuses into cells. 23 The inability of SOD to influence cell survival in our model may be due to a lack of significant superoxide production by reoxygenated cardiac myocytes, an inability to penetrate the cell membrane, or concentrations of SOD that may be sufficiently high to interfere with certain normal metabolic oxidative processes.37
In summary, this study emphasizes the role of [Ca]2+ in cell survival after a period of hypoxia, while providing no evidence of free radical generation by isolated mammalian cardiac myocytes. We demonstrate that DMTU, an agent with known free radical-scavenging properties, is also a pharmacological inhibitor of Nat-Ca' exchange.
As such, DMTU may be a useful tool in studies that examine the role of Nat-Ca' exchange, because its use is not limited by the interference with Ca> fluorescence measurements that occurs with amiloride and its derivatives. If present during the hypoxic period, DMTU is capable of limiting cellular Ca> loading, resulting in an enhancement of cell survival. The results of this study suggest that the protective effect of DMTU in postischemic myocardial dysfunction may not be limited to its antioxidant properties but may also involve direct effects on [Ca2+]i regulation of cardiac myocytes.
